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ABSTRACT  

Alloy 617 is the leading candidate material for an Intermediate Heat 
Exchanger (IHX) of the Very High Temperature Reactor (VHTR). To evaluate 
the behavior of this material in the expected service conditions, strain-controlled 
cyclic tests that include hold times up to 9000 s at maximum tensile strain were 
conducted at 850 and 950°C. In terms of the total number of cycles to failure, the 
fatigue resistance at both temperatures decreased when a hold time was added at 
peak tensile strain. The magnitude of this effect depended upon the specific 
degradation mechanisms and whether they resulted in a change in fracture mode 
from transgranular in pure fatigue to intergranular in creep-fatigue for a 
particular temperature and strain range combination. Increases in the tensile hold 
duration beyond an initial value were not detrimental to the creep-fatigue 
resistance at 950ºC, but continued to degrade the lifetimes at 850ºC.  

 

  



 

 iv 

  



 

 v 

ACKNOWLEDGEMENTS 
The authors would like to thank Sam Sham, Richard Wright, Jill Wright, and 

Celine Cabet for thoughtful guidance and discussions regarding this subject 
matter. The authors would also like to acknowledge Joel Simpson and Randy 
Lloyd for conducting the extensive creep-fatigue testing, Tammy Trowbridge and 
Todd Morris for the considerable metallurgical work required for this study, and 
Jill Wright for data analysis of the fatigue and creep-fatigue cyclic testing. 
Transmission electron microscopy work carried out at the Boise State Center for 
Materials Characterization has been supported by NSF MRI Grant DMR-
0521315. This work was supported through the U.S. Department of Energy–
Nuclear Energy. 



 

 vi 

CONTENTS 

1. INTRODUCTION .............................................................................................................................. 1 

2. EXPERIMENTAL PROCEDURE ..................................................................................................... 1 

3. 950ºC FATIGUE AND CREEP-FATIGUE RESULTS .................................................................... 2 
3.1 Cyclic Behavior ........................................................................................................................ 2 
3.2 Surface Cracking and Microstructural Evolution..................................................................... 5 
3.3 Interior Cracking ...................................................................................................................... 7 
3.4 Dislocation Substructure .......................................................................................................... 7 
3.5 Discussion of Creep-Fatigue Behavior at 950ºC ...................................................................... 9 

4. 850ºC FATIGUE AND CREEP-FATIGUE RESULTS .................................................................. 10 
4.1 Cyclic Behavior ...................................................................................................................... 10 
4.2 Microstructural Evolution During Cyclic Deformation ......................................................... 15 

5. SUMMARY ..................................................................................................................................... 18 

6. REFERENCES ................................................................................................................................. 19 

 

FIGURES 
Figure 1. Plot of the total strain range (a) and inelastic strain range (b) as a function of cycles to 

failure for Alloy 617 in fatigue and creep fatigue at 950ºC at three strain ranges, 0.3%, 
0.6%, and 1.0%, for hold times of up to 9000 s (150 minutes). The appropriate Coffin-
Manson relationship for the fatigue data is plotted as the dashed line in (b). ............................... 3 

Figure 2. Peak stress versus cycle curves for selected specimens at the 0.3% (a) and 1.0% (b) total 
strain range for fatigue and 600 s hold time creep-fatigue at 950ºC. ........................................... 4 

Figure 3. Hysteresis loops for specimens tested at 0.6% total strain and no hold and an 1800 s 
hold (a) and 0.3% total strain and no hold and a 600 s hold (b). .................................................. 4 

Figure 4. Plot of the rapid stress relaxation occurring during the tensile hold during creep-fatigue 
at 0.3% total strain (a). Plot of the peak tensile stresses and the relaxed stresses (open 
circles) versus cycle at 1.0% total strain (b). ................................................................................ 5 

Figure 5. Surface cracking in creep-fatigue of Alloy 617 cyclically deformed at 950ºC and 0.3% 
total strain with a 600 s hold (a). Interior grain boundary cracking (b, c) and cavitation 
(d) in Alloy 617 cyclically deformed at 950ºC and 0.3% total strain with a 180 s hold 
(b, c) and 0.6% total strain with a 1800 s hold test interrupted at 20% of life (d). The 
stress axis is horizontal in the plane of the page. .......................................................................... 6 

Figure 6. TEM images of specimens cycled at 1.0% total strain (a) and 0.3% total strain (b) in 
fatigue at 950ºC showing a cellular structure and planar deformation bands and 
annealing twins. A creep-fatigue specimen cycled at 950ºC with a 600 sec hold at a 
1.0% total strain (c) and a 0.3% total strain (d) showing a subgrain structure with 
boundaries comprised of ordered dislocation networks and a lower dislocation density 
in the cell interiors. ....................................................................................................................... 8 



 

 vii 

Figure 7. Low-energy hexagonal dislocation network in a tensile-hold creep-fatigue specimen 
tested at 950ºC, 0.3% total strain, and a 600 s hold time. Two of the 2-beam conditions 
that render one dislocation segment type invisible are shown in (a) and (b) along with a 
multi-beam imaging condition (c) to provide contrast for the entire network. A 
schematic (d) illustrates the individual sense vectors comprising the imaged hexagonal 
network. ........................................................................................................................................ 9 

Figure 8. Plot of the total strain range (a) and inelastic strain range (b) as a function of cycles to 
failure for Alloy 617 in fatigue and creep-fatigue at 850ºC at three strain ranges, 0.3% 
and 1.0%, for hold times of up to 30 minutes. The plot in (b) also includes the 950ºC 
fatigue and creep-fatigue data for comparison and the dashed line represents the Coffin-
Manson relationship for the 950ºC fatigue data. ........................................................................ 11 

Figure 9. Peak stresses as a function of cycle for a typical fatigue and creep-fatigue tests at 850ºC 
and 0.3% total strain (a) and a 1.0% total strain (b). .................................................................. 12 

Figure 10. Tenth cycle (a) and a midlife cycle (b) hysteresis loops from a typical fatigue and 
creep-fatigue tests at 850ºC and 0.3% total strain. ..................................................................... 13 

Figure 11. Plot of the peak and valley strain values from a 3 minute hold creep-fatigue test at the 
0.3% total strain range and 850ºC. ............................................................................................. 13 

Figure 12. Tenth cycle (a) and a midlife cycle (b) hysteresis loops from a typical fatigue and 
creep-fatigue tests at 850ºC and 1.0% total strain. ..................................................................... 14 

Figure 13. Typical stress relaxation curves from a midlife cycle of creep-fatigue tests at 850ºC 
and 0.3% total strain (a) and 1.0% total strain (b). ..................................................................... 15 

Figure 14. Transgranular surface cracking in a 0.3% total strain fatigue specimen cycled at 850ºC 
(a). Intergranular surface cracking in a 0.3% total strain creep-fatigue specimen with a 
30 minute tensile hold also cycled at 850ºC (b). The stress axis is vertical and in the 
plane of the page. ........................................................................................................................ 16 

Figure 15. Internal grain boundary cracking (separation) in a specimen tested in creep-fatigue at 
0.3% total strain and a 10 minute hold time at 850ºC. The stress axis is vertical and in 
the plane of the page. .................................................................................................................. 16 

Figure 16. Length of individual internal grain boundary cracks in the gage section of specimens 
tested in creep-fatigue at 0.3% total strain (a) and 1.0% total strain (b) at 850ºC for 
various hold times. ...................................................................................................................... 17 

 

TABLES 
Table 1. Alloy 617 plate composition in wt%. ............................................................................................. 1 

Table 2. Cracking modes in fatigue and creep fatigue specimens tested at 850ºC. It was not 
possible to determine the primary surface cracking mode from the sectioned specimen 
cycled at 0.3% total strain with a 3 minute hold. ........................................................................ 17 

 



 

 viii 

ACRONYMS 
ANOVA analysis of variance 

DSA dynamic strain aging 

IHX Intermediate Heat Exchanger 

SEM scanning electron microscope 

TEM transmission electron microscope 

VHTR Very High Temperature Reactor 

 

  



 

 1 

Creep-Fatigue Behavior of 
Alloy 617 at 850 and 950°C 

1. INTRODUCTION 
The Very High Temperature Reactor (VHTR) is being developed as a nuclear system with helium as the 

primary coolant to transport thermal energy for the cogeneration of hydrogen and electricity. Conceptual design 
requires an outlet temperature of greater than 850°C to provide for the efficient generation of hydrogen, with a 
maximum expected outlet temperature of 950°C [1]. A critical component in the VHTR system for extracting 
thermal energy at these temperatures is the Intermediate Heat Exchanger (IHX), which will be required to operate 
at reactor outlet temperatures of up to 950°C. The combination of very high temperature operation and long 
duration of service dictates the need for structural materials with good thermal stability as well as high 
temperature creep and oxidation resistance. Based on these material requirements, the nickel base alloy UNS 
N06617, Alloy 617, is the leading IHX candidate alloy [1]. 

Creep-fatigue deformation is expected to be a significant contributor to the factors that limit the useful life of 
the IHX in the VHTR nuclear system [1]. This deformation mode occurs as a result of power transients during 
operation and startup/shutdown cycles, each of which produces cyclic loading, while extended times at high-stress 
during steady power operation induce creep deformation. To approximate the expected deformation mode in a 
laboratory setting, creep-fatigue testing introduces a hold time in a strain-controlled fatigue cycle. Previous work 
on Alloy 617 has suggested that it is a tensile dwell sensitive alloy [2], and therefore this type of loading was the 
focus of this work. 

Creep-fatigue interactions are often depicted microstructurally as the combined effects of fatigue damage and 
creep damage. The fatigue component is considered to be the initiation and propagation of surface cracks, while 
the creep component is manifested as creep voids on interior grain boundaries (or wedge cracking at triple 
junctions), each of which develop independently [3-5]. The linking of these two deformation modes results in an 
accelerated failure [3-5].  

The continuous-cycle fatigue and creep-fatigue (with dwell times in tension of up to 9000 s) behavior of 
Alloy 617 at 850°C and 950°C with 0.3%, 0.6% (950°C only), and 1.0% total strain ranges in air has been 
investigated. Detailed evaluations of the specific failure mechanisms have also been addressed to support analysis 
of the aforementioned data. Microstructural evidence is provided to compliment the reduced failure lives with the 
addition of a constant strain hold time observed at both temperatures and the significant cyclic softening present at 
950°C. 

2. EXPERIMENTAL PROCEDURE 
Cylindrical creep-fatigue specimens, 7.5-mm-diameter in the reduced section with a gage length of 12 mm, 

were machined from an Alloy 617 solution annealed plate in accordance with ASTM E606-12 [6] and with the 
long axis of the specimens aligned along the rolling direction. The composition of the Alloy 617 plate is given in 
Table 1. Although the average grain size of the plate is quantified as approximately 150 µm, significant grain size 
inhomogeneity is present in the microstructure [7]. All cyclic testing work was performed under INL plan PLN-
2804 [1]. 

Table 1. Alloy 617 plate composition in wt%. 
Alloy Ni C Cr Co Mo Fe Al Ti Si Cu Mn 
617 Bal. 0.05 22.2 11.6 8.6 1.6 1.1 0.4 0.1 0.04 0.1 

Fully-reversed strain-controlled continuous-cycle fatigue and tensile-hold creep-fatigue testing was conducted 
on Alloy 617 at 850°C and 950°C in air at three strain ranges, 0.3%, 0.6% (950°C only), and 1.0%. Cyclic testing 
was conducted on servo-hydraulic test machines in axial strain-control mode utilizing either radio-frequency 
induction heating or a three-zone radiant furnace to heat the specimens. Continuous-cycle fatigue testing followed 
a triangular waveform, while creep-fatigue testing followed a trapezoidal waveform with hold times of 180 s up to 
9000 s imposed at the maximum tensile strain. In all cases, a strain-controlled ramp rate of 10-3/s was employed. 
All testing is conducted in accordance with INL/PLN-3346 [8]. 
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Due to the purely inelastic behavior of Alloy 617 at 950 °C, overshooting of the target strain range will occur 
during the strain-controlled ramp. A number of measures have been employed to avoid or minimizing 
overshooting the target strain range. For most tests, a lower strain range is applied during the first cycle and 
gradually increased during a limited number of initial cycles prior to reaching the target strain level to prevent 
overshooting the target strain on the first cycle—a common occurrence for Alloy 617 at high temperature. 
Additionally, a slightly modified waveform shape was applied to most of the creep-fatigue tests conducted at 
950 °C. The programmed trapezoidal waveform is slightly modified to allow for sufficiently high gains to control 
the ramp portion of the cycle but avoid exceeding the target (hold) strain during the overshoot. The procedure 
ramps at 10-3 /s to approximately 98% of the target strain range, allowing for overshoot yet minimizing the 
amount the target strain is exceeded. This allows the peak tensile strain to be maintained within approximately 
1.0% of the target and the strain controlled hold to initiate at the true peak tensile strain, rather than a slightly 
lower strain level realized after overshooting. The peak tensile strain is reached during the initial ramp and again 
following a slow strain rate (10-6 /s) finishing ramp from 98% to 100% of the target strain, initiating the strain 
controlled hold period. The behavior of specimens using the modified waveform shape was compared with that of 
specimens run without this finishing ramp, and stress relaxation occurs in a similar manner.  Stress relaxation was 
specifically compared for replicate tests conducted at 0.3% and a 30 min hold time. At 950 °C, test temperature 
stability was typically maintained within 1% or better throughout the test duration. 

For the continuous-cycle fatigue and tensile-hold creep-fatigue, the number of cycles to failure, Nf, was 
defined as a 20% decrease in the ratio of the peak tensile stress to the peak compressive stress from the point, Ni, 
at which this ratio initially deviates from a constant trend. Actual test completion was based upon a predetermined 
drop in load and prior to actual specimen separation; when the set load drop was detected, the test automatically 
switched to zero load and power to the heat source was shut off.  

The gage sections of the deformed specimens were cut into two halves along the stress axis to expose a plane 
containing the largest observed surface crack. Half of the gage section was mounted, polished, and etched with a 
2% bromine and 98% methanol solution. Metallurgical evaluation was conducted using optical microscopy and a 
Quanta 650 Field Emission Gun Scanning Electron Microscope (SEM). The remaining half of the gage section 
was mechanically thinned for the extraction of transmission electron microscopy (TEM) foils. The longitudinal 
portion of the gage section was first reduced to approximately 125 µm and then punched into 3 mm discs. The 
discs were electropolished using a twin jet TenuPol-5 polisher with a solution of 10% perchloric acid in ethanol at 
approximately -15°C. Microstructural characterization on the polished foils was conducted using a JOEL 
JEM-2010 HR Analytical TEM operating at 200 kV. 

3. 950ºC FATIGUE AND CREEP-FATIGUE RESULTS 
3.1 Cyclic Behavior 

For the fatigue and tensile-hold creep-fatigue testing of Alloy 617 conducted at 950ºC at the three defined 
strain ranges, Figure 1(a) shows the cycles to failure as a function of hold time. As previously observed for Alloy 
617 [2, 3, 8], the addition of a tensile hold time in creep-fatigue decreased the total cycle life. For the specific 
conditions studied here, the cycle lifetimes for creep-fatigue versus continuous-cycle fatigue are reduced by 
roughly a factor of 2 for all strain ranges. Increasing the duration of the hold time beyond the 180 s minimum 
value tested had no further influence on the number of cycles to failure. Also noted was that more scatter is 
present in the fatigue lifetimes at the 0.3% strain range than at the higher strain ranges. A further characteristic 
unique to the 0.3% strain range is that the detriment in creep-fatigue cycle life is directly related to the increase in 
inelastic strain range with the addition of a tensile hold, as illustrated in Figure 1(b). In other words, the creep-
fatigue behavior at 0.3% total strain follows the Coffin-Manson relationship, Nf

β×εin = C, typically only observed 
for the continuous-cycle fatigue behavior. In the equation shown, Nf is the number of cycles to failure, εin is the 
inelastic strain range (defined here as width of the hysteresis loop at zero stress), and β and C are constants. An 
important distinction, however, is that the 0.6% and 1.0% total strain range tensile-hold creep-fatigue data do not 
follow Coffin-Manson fatigue behavior. 
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(a) (b) 

Figure 1. Plot of the total strain range (a) and inelastic strain range (b) as a function of cycles to failure for Alloy 
617 in fatigue and creep fatigue at 950ºC at three strain ranges, 0.3%, 0.6%, and 1.0%, for hold times of up to 
9000 s (150 minutes). The appropriate Coffin-Manson relationship for the fatigue data is plotted as the dashed 
line in (b). 

Figure 2 shows the individual peak stresses as a function of cycle for specimens tested at the 0.3% and 1.0% 
total strain range. In fatigue, the peak stress versus cycle trends at all three strain ranges exhibit a region in which 
there is a plateau in stress. This plateau is reached early in cycling and extends until the macrocrack initiation, 
designated as Ni. For creep-fatigue cycling, illustrated for the 600 s hold time condition at the lowest and highest 
strain range, cyclic softening is observed very early in cycling and persists until the rapid stress drop near failure. 
The duration of the hold time did not appear to substantially influence the peak stress versus cycle curve, 
specifically with regard to the amount of cyclic softening. At the 0.3% strain range shown in Figure 2(a), there is 
an initial rapid decrease in peak tensile and compressive stress that later steadies at a slower, more constant 
softening rate. At the higher 1.0% total strain range illustrated in Figure 2(b), a relatively constant rate of cyclic 
softening is maintained during creep-fatigue, and it is again observed that the softening is more severe than in the 
case of continuous-cycle fatigue deformation over the same strain range.  

Fatigue and creep-fatigue midlife hysteresis loops are shown in Figure 3(a) for a test with 0.6% total strain 
and Figure 3(b) for a test with 0.3% total strain, in each case illustrating that the addition of a hold period 
increased the amount of inelastic strain and resulted in a decay in the measured stress level to less than 20 MPa 
over the strain-controlled hold. Stress relaxation during the hold is shown in more detail for the 0.3% strain range 
in Figure 4(a); the stresses relax rapidly, and although not shown in this figure, the stress relaxation occurs at the 
same rate regardless of the strain range. A constant low stress (less than 20 MPa) is achieved within about 600 s 
of the hold initiation. The approximate relaxed stress for selected cycles, along with the peak tensile and 
compressive stresses, is shown in Figure 4(b) for the 1.0% total strain range at each hold time. The relaxed 
stresses are also similar for all three strain ranges regardless of hold time. 
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(a) (b) 

Figure 2. Peak stress versus cycle curves for selected specimens at the 0.3% (a) and 1.0% (b) total strain range for 
fatigue and 600 s hold time creep-fatigue at 950ºC. 

 

  

(a) (b) 

Figure 3. Hysteresis loops for specimens tested at 0.6% total strain and no hold and an 1800 s hold (a) and 0.3% 
total strain and no hold and a 600 s hold (b). 
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(a) (b) 

Figure 4. Plot of the rapid stress relaxation occurring during the tensile hold during creep-fatigue at 0.3% total 
strain (a). Plot of the peak tensile stresses and the relaxed stresses (open circles) versus cycle at 1.0% total strain 
(b). 

3.2 Surface Cracking and Microstructural Evolution 
The surfaces of fatigue specimens exhibited little change after deformation. Characterization reveals that a 

thin Cr-rich oxide can be detected on the surface coupled with a shallow zone depleted of grain boundary 
carbides. This lack of appreciable change is likely due to the short duration of the fatigue tests, which last from 8–
20 hours at 950ºC. The increased test times during creep-fatigue result in a more dramatic evolution of the surface 
microstructure. Figure 5(a) is a cross-section through the surface of a failed creep-fatigue specimen at 0.3% strain 
(approximately 525 hours test time) showing a long primary crack and a secondary surface crack. A Cr-rich oxide 
scale has formed on the surface and in the near-surface region the internal aluminum has oxidized, forming a 
network of small precipitates. A region depleted of grain boundary carbides is also present beneath the exposed 
specimen surface. 
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(a) (b) 

  
(c) (d) 

Figure 5. Surface cracking in creep-fatigue of Alloy 617 cyclically deformed at 950ºC and 0.3% total strain with a 
600 s hold (a). Interior grain boundary cracking (b, c) and cavitation (d) in Alloy 617 cyclically deformed at 
950ºC and 0.3% total strain with a 180 s hold (b, c) and 0.6% total strain with a 1800 s hold test interrupted at 
20% of life (d). The stress axis is horizontal in the plane of the page. 

The surface cracking morphology is similar in each of the three strain ranges evaluated at 950ºC. In 
continuous-cycle fatigue, the primary crack initiates and propagates in a transgranular manner and secondary 
intergranular cracks are not typically observed. In creep-fatigue, by contrast, the crack propagation mode is 
intergranular. As shown for the primary intergranular crack highlighted in Figure 5(a), a Cr-rich oxide forms 
along the adjacent flanks of the crack and the region surrounding the crack is depleted of grain boundary carbides. 
Fine Al-rich oxides also form at grain boundaries that intersect the exposed crack area. It is difficult to determine 
whether initiation of the primary crack occurs intergranularly or transgranularly in creep-fatigue, owing to the 
thick oxide layer that surrounds the cracks obscuring initiation features along with the depletion of grain boundary 
carbides that would otherwise delineate grain boundary locations. Based on the many shorter secondary cracks 
which start at oxidized grain boundaries, however, it is likely that the primary crack also initiated intergranularly. 
The addition of a hold time results in many of the grain boundaries that intersect the specimen surface evolving 
into secondary cracks. These secondary surface cracks extend deeper than the internal Al-rich oxides and are 
filled with a Cr-rich oxide. 
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3.3 Interior Cracking 
No large creep voids, typical of those observed during tertiary creep in nickel-base alloys [9] and commonly 

described as round micrometric cavities at bulk grain boundaries, were observed in any of the failed specimens. 
Instead, as is shown in Figure 5(b) and 5(c), numerous cracks and small cavities are observed in the interior of the 
deformed creep-fatigue specimens. These interior cracks, with measured lengths varying from 5 µm up to several 
grain diameters, are not surface connected and do not contain any evidence of an oxide. These features are not 
observed in any of the fatigue specimens. 

Analysis and quantification of the interior cracking in the creep-fatigue specimens within a rectangular area 
6 mm in width (3 mm above and below the primary surface crack) across the entire gage section of a longitudinal 
slice revealed that interior cracking is not preferentially located near the primary crack, but instead is distributed 
at certain grain boundaries within the gage section. Following failure, the interior cracks are thin (having widths 
of a few hundreds of nm) and generally follow grain boundaries either perpendicular to or at angles up to 45° 
relative to the stress axis. In failed specimens, the majority of interior grain boundaries are absent of cracking or 
cavitation at magnifications of up to 100,000×. The size distribution of the interior cracks is not significantly 
different for any of the hold times or strain ranges based on an analysis of variance (ANOVA) comparing each of 
the test populations. The summative length of cracked grain boundaries and the total number of cracked grain 
boundaries also do not vary systematically with strain range or hold time. 

3.4 Dislocation Substructure 
TEM imaging of fatigue and creep-fatigue specimens at failure for the 0.3 and 1% total strain range provides 

a general correlation between dislocation substructures and observed cyclic response based on test conditions. A 
significant amount of grain-to-grain variation is observed in the local dislocation substructure of the deformed 
material, and generalized descriptions regarding these substructures are made here with that understanding. As a 
result of grain sizes and shapes varying greatly throughout the bulk specimen along with the inherent irregularity 
of carbide distributions, numerous observations have been compiled in order to capture and classify the most 
representative microstructures at the length scales of single grains and cells. For the purpose of this work, cells are 
defined as three-dimensional structures comprised of walls of tangled dislocations. Subgrains are defined as 
similar structures, except that subgrain boundaries consist of distinctly ordered arrangements of dislocations. 

At failure in continuous-cycle fatigue, there exist regions consisting of cellular structures, as shown for a 
representative area in Figure 6(a), and other regions that are absent of any sort of cell structure. Cell walls consist 
primarily of tangled dislocations, although select boundaries are present that exhibit advanced dislocation 
rearrangement into more ordered structures. Numerous planar deformation bands and annealing twins 
(Figure 6[b]) are also present throughout the microstructure and often serve as a boundary for an adjacent cell. 
These planar deformation bands frequently terminate at carbides, essentially connecting proximate intragranular 
carbide populations in a single cell structure. Ordered arrays of dislocation pile-ups at both grain boundaries and 
at large precipitates are present throughout. Of particular note is the overall lack of mobile dislocations throughout 
the matrix relative to the amount of dislocations in the cell walls, dislocation pile-ups, and planar deformation 
bands. 
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(a) (b) 

  
(c) (d) 

Figure 6. TEM images of specimens cycled at 1.0% total strain (a) and 0.3% total strain (b) in fatigue at 950ºC 
showing a cellular structure and planar deformation bands and annealing twins. A creep-fatigue specimen cycled 
at 950ºC with a 600 sec hold at a 1.0% total strain (c) and a 0.3% total strain (d) showing a subgrain structure with 
boundaries comprised of ordered dislocation networks and a lower dislocation density in the cell interiors. 

The creep-fatigue substructure at failure consists of subgrains with even fewer mobile dislocations within the 
subgrain interiors along with well-organized boundaries of arrays or networks of dislocations, as shown in 
Figure 6(c) and 6(d), respectively. The size of the subgrains can vary even within a single grain, although they are 
generally on the order of 1 µm along any major dimensional axis. The dislocations forming the subgrain 
boundaries are arranged into distinct and well-organized networks; the spacing between dislocations visible in a 
single g-vector is on the order of 5–10 nm for the 0.3% and the 1.0% total strain range in the 600 s hold condition. 
TEM-based quantification of the α/β tilt offset between adjacent zone axes was employed to evaluate 
misorientation between subgrains, and indicates approximately 1-2º of rotation between adjacent boundaries in 
specimens at both strain ranges. The boundary dislocations contain numerous jogs and kinks, indicative of 
considerable dislocation interaction prior to or during their arrangement into ordered networks. Figure 8 shows in 
more detail a commonly observed type of dislocation network that forms a subgrain boundary. The boundary 
dislocations rearrange into typical hexagonal networks consisting of <110>{111}-type dislocations as depicted 
through representative 2-beam (Figure 7[a] and [b]) and multiple-beam (Figure 7[c]) imaging conditions. The 
configuration of sense vectors of the individual dislocation types that comprise the well-ordered networks is 
illustrated schematically in Figure 7(d). 
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(a) (b) 

  
(c) (d) 

Figure 7. Low-energy hexagonal dislocation network in a tensile-hold creep-fatigue specimen tested at 950ºC, 
0.3% total strain, and a 600 s hold time. Two of the 2-beam conditions that render one dislocation segment type 
invisible are shown in (a) and (b) along with a multi-beam imaging condition (c) to provide contrast for the entire 
network. A schematic (d) illustrates the individual sense vectors comprising the imaged hexagonal network. 

3.5 Discussion of Creep-Fatigue Behavior at 950ºC 
A thorough comparison of the fatigue and creep-fatigue behavior at 950ºC of Alloy 617 reveals a significant 

decrease in the number of cycles to failure with the addition of a hold time at peak tensile strain. This trend is 
fully consistent with literature data on the creep-fatigue behavior of nickel alloys [2, 3, 7, 10, 11]. Additionally, it 
is generally accepted that the fatigue behavior of most metals follows a Coffin-Manson type relationship, with the 
number of cycles to failure being a function of the inelastic strain [12, 13]. Further attempts to simply modify the 
Coffin-Manson equation in order to account for frequency or hold time effects in a manner that is applicable to a 
wide range of alloys have not been widely applied. Interestingly, for Alloy 617, the relationship between the 
midlife inelastic strain range and the creep-fatigue life at the lower strain range (0.3% total strain) follows this 
straightforward fatigue relationship regardless of the hold period location [14] or hold time duration (Figure 1[b]). 
This essentially indicates that the creep-fatigue behavior is dominated by the plastic response of the material and 
thereby must be controlled by microstructural features and deformation phenomena. This also suggests a 
relatively minor role of the environment on the accelerating crack propagation or failure than would otherwise be 
strongly suspected at high temperatures. The limited environmental role in the creep-fatigue behavior of Alloy 
617 at 950ºC at the 0.3% total strain range is further confirmed both by cycling with a zero-stress hold [14] and by 
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the apparent saturation in creep-fatigue life with increasing hold times (Figure 1[a]).  Previous work strongly 
supports these assertions, as it identifies a negligible influence of VHTR-based helium environment on the fatigue 
and creep-fatigue cycle life of Alloy 617 under otherwise similar test conditions [9]. The importance of this 
finding for reactor operating conditions cannot be overemphasized from a practical application standpoint, as an 
IHX material will likely be subjected to low strain range conditions for which the 0.3% total strain range is most 
representative [1]. This Coffin-Manson type behavior is not present at the higher strain ranges. 

The decrease in fatigue life with the addition of a hold time is associated with a transition in the crack 
initiation and propagation mode from transgranular in continuous-cycle fatigue to intergranular when a hold time 
is incorporated. The switch in cracking mode is driven by the interior grain boundary cracking occurring as a 
result of the creep deformation in the tensile-hold period linking with the fatigue-driven surface cracks. At a finer 
scale, distinct dislocation subgrain structures develop during creep-fatigue deformation, but are not present 
following continuous low-cycle fatigue deformation. These substructures form initially by the tangling of 
dislocations into walls. Further cycling allows for dislocation climb, reorganization, and the integration of 
dislocations from the subgrain interiors along with the evolution into well-ordered hexagonal dislocation networks 
that form the subboundaries. The dislocation density within the subgrains also decreases with progressive cycling.  

4. 850ºC FATIGUE AND CREEP-FATIGUE RESULTS 
4.1 Cyclic Behavior 

The cyclic behavior at the 0.3% and 1.0% total strain ranges was also investigated at 850ºC with hold times of 
up to 1800 s (30 minutes). Figure 8(a) shows the number of cycles to failure at this temperature as a function of 
hold time. As was observed at 950ºC, the addition of a tensile hold time decreased the total number of cycles to 
failure relative to the continuous-cycle fatigue condition. A particularly dramatic effect occurred at the 0.3% total 
strain range, in which a decrease of nearly an order of magnitude in the number of cycles to failure was observed 
in creep-fatigue relative to continuous-cycle fatigue. The number of cycles to failure at the 0.3% total strain range 
decreased from approximately 10,000 cycles in fatigue to roughly 2000 cycles depending on the hold time 
duration. This degradation in life is more dramatic than at any strain range at 950ºC or the 1.0% strain range at 
850ºC. The number of cycles to creep-fatigue failure at the 1.0% strain range decreased by less than a factor of 2 
relative to the continuous-cycle fatigue tests. In contrast to the creep-fatigue behavior at 950ºC, the duration of the 
hold time at 850ºC appears to continue to degrade the cycle life at each of the strain ranges being evaluated, as is 
evident from Figure 8(a). At the present time, the compiled data set is not sufficient to accurately determine 
whether the number of cycles to failure saturates at longer hold durations.  

It was previously discussed that at 950ºC and 0.3% total strain, the detriment in creep-fatigue cycle life is 
directly related to the increase in the midlife inelastic strain range when a tensile hold is added to the 
continuous-cycle waveform. The Coffin-Manson plot in Figure 1(b) is shown with the addition of the 850ºC 
fatigue and creep-fatigue data in Figure 8(b). The 850ºC fatigue and creep-fatigue data points fall to the left of the 
Coffin-Manson line that was fit to the 950ºC fatigue data, which strongly suggests that the 850ºC creep-fatigue 
failure mechanisms differ from those dominating at the 0.3% strain range at 950ºC. Despite not being illustrated 
graphically due to the lack of data at an intermediate strain range, the 850ºC fatigue data may also follow a 
Coffin-Manson relationship. If it follows the trend established by the other data at 850ºC, this relationship would 
clearly differ from that of the higher temperature fatigue data. 
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(a) (b) 

Figure 8. Plot of the total strain range (a) and inelastic strain range (b) as a function of cycles to failure for 
Alloy 617 in fatigue and creep-fatigue at 850ºC at three strain ranges, 0.3% and 1.0%, for hold times of up to 
30 minutes. The plot in (b) also includes the 950ºC fatigue and creep-fatigue data for comparison and the dashed 
line represents the Coffin-Manson relationship for the 950ºC fatigue data. 

In fatigue, a small amount of cyclic hardening is observed at the 0.3% strain range (Figure 9[a]), whereas at 
the 1.0% strain range (Figure 9[b]) the peak stress versus cycle plot exhibits a relatively constant stress. Higher 
stresses are achieved at the 1.0% strain range than at the 0.3% total strain, which is reflective of the additional 
hardening occurring at the lower temperature [15]. In creep-fatigue testing, slight cyclic hardening that closely 
resembles the fatigue behavior is observed at the 0.3% strain range. The creep-fatigue tests at 1.0% strain with 3 
minute and 10 minute hold times also nearly follow the behavior of the associated 1.0% fatigue test, although the 
30 minute hold condition exhibits a significantly larger degree of cyclic softening. 

 
(a)  
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(b) 
Figure 9. Peak stresses as a function of cycle for a typical fatigue and creep-fatigue tests at 850ºC and 0.3% total 
strain (a) and a 1.0% total strain (b). 

Fatigue and creep-fatigue hysteresis loops at both the tenth cycle and midlife cycle are shown for the 0.3% 
total strain range in Figure 10. At the tenth cycle (Figure 10[a]), increasing durations of the strain-controlled hold 
result in a lower “relaxed” stresses, or stress at the end of the strain-controlled hold. The lower relaxed stresses 
result in increasingly wider hysteresis loops or larger inelastic strains. This increased width is evident from the 
segment of the hysteresis loop following the tensile hold, but is less clear on the compressive side of the loop due 
to the strain overshoot commonly observed early in cycling. This overshoot of the target strain values is illustrated 
through a plot of the peak tensile and compressive strain values shown in Figure 11 for a 3 minute hold 
creep-fatigue specimen. The peak strains frequently exceed the target command strain on both the compressive 
and tensile side of the waveform during cycling as a result of the onset of dynamic strain aging (DSA) [16], a 
phenomenon evident from the distinct serrations in the plotted loops. The absence of the serrations in the 0.3% 
hysteresis loops is a function of the low strain range; DSA begins to occur at some minimum plastic strain that 
happens to closely correlate with the target strain for this test conditions. The overshoot in strain at the point of 
strain reversal is thus a result of a serrated yielding event occurring at the peak tensile or compressive strain. More 
detail on this specific behavior is available in other studies for Alloy 617 and Alloy 230 at 800ºC [16]. The 
serrated response attributable to DSA is also observed in the 1.0% total strain hysteresis loops shown in 
Figure 13.  

An interesting feature of the 0.3% total strain hysteresis loops present by the midlife cycle is the absence of 
plastic behavior during the loading in tension. A large plastic region is observed in both the tensile and 
compressive side of the hysteresis loop at the tenth cycle but by midlife the loops have evolved to only exhibit a 
significant plastic region in the compressive side of the cycle. This “shifting” of the hysteresis loop does not occur 
at the 1.0% total strain range (Figure 12). Also absent at the 1.0% total strain range is the decreasing relaxed stress 
values with increasing tensile hold time; the relaxed stresses are approximately the same for each of the three 
different hold times. 
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(a) 

 
(b) 

Figure 10. Tenth cycle (a) and a midlife cycle (b) hysteresis loops from a typical fatigue and creep-fatigue tests at 
850ºC and 0.3% total strain. 

 
Figure 11. Plot of the peak and valley strain values from a 3 minute hold creep-fatigue test at the 0.3% total strain 
range and 850ºC. 
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(a) 

  
(b) 

Figure 12. Tenth cycle (a) and a midlife cycle (b) hysteresis loops from a typical fatigue and creep-fatigue tests at 
850ºC and 1.0% total strain. 

The stress relaxation curves are shown as a function of time for both strain ranges at 850ºC in Figure 13. The 
initial relaxation is rapid, and at the 0.3% strain range the stresses continue to relax throughout the duration of the 
strain-controlled hold resulting in decreasing relaxed stresses. The trend is less clear at the higher strain range, as 
a longer hold time would be expected to result in a lower final value of relaxed stress. Either way, the relaxed 
stresses following the hold period are greater in magnitude than those observed for the 950ºC creep-fatigue 
specimens. 

-300

-200

-100

0

100

200

300

-0.0060 -0.0035 -0.0010 0.0015 0.0040

St
re

ss
 (M

Pa
)

Strain (mm/mm)

fatigue
3 min
10 min
30 min

-300

-200

-100

0

100

200

300

-0.0060 -0.0035 -0.0010 0.0015 0.0040

St
re

ss
 (M

Pa
)

Strain (mm/mm)

fatigue
3 min
10 min
30 min



 

 15 

 
(a)  

 
(b) 

Figure 13. Typical stress relaxation curves from a midlife cycle of creep-fatigue tests at 850ºC and 0.3% total 
strain (a) and 1.0% total strain (b). 

4.2 Microstructural Evolution During Cyclic Deformation  
The deformed microstructures developed during continuous-cycle and creep-fatigue cycling at 850°C follow a 

relatively predictable trend given the corresponding cycle lifetimes. Recall that the 0.3% total strain range 
exhibited a large decrease in the number of cycles to failure with the addition of a tensile hold time. The cycles to 
failure decreased only slightly as the hold time was increased from 3 minutes to 10 minutes to 30 minutes. At this 
strain range, continuous-cycle fatigue deformation induced the primary transgranular surface cracking shown in 
Figure 14(a). There was no evidence of secondary surface cracking or intergranular cracking along grain 
boundaries in the specimen interior. In contrast, many secondary surface cracks are evident following 
creep-fatigue deformation with a character that is primarily intergranular in the 3 minute and 10 minute hold 
specimens. The cracking mode of some of the longer secondary surface cracks had transgranular components near 
the crack tip. After a 30 minute hold, the creep-fatigue specimen exhibited both intergranular primary cracking, as 
illustrated in Figure 14(b), and secondary surface cracking.  

The progression of the cracking mode from transgranular to intergranular with increasing hold time, along 
with the associated decrease in cycle life, corresponds with an increasing amount of interior grain boundary 
cracks at the 0.3% strain range. As at 950ºC, intergranular cracks were present throughout the specimens’ 
interiors on select grain boundaries along a favorable component tending to be more perpendicular to the stress 
axis. As was done in a comprehensive manner in the specimens tested at 950ºC, the interior grain boundary 
cracking throughout the gage section was imaged and quantified. Somewhat surprisingly, no interior grain 
boundary cracks were present in the 3 minute hold 0.3% strain range creep-fatigue specimen, although they were 
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prominent in the specimens subjected to longer hold times. The cracking modes and presence of interior grain 
boundary cracking is summarized in Table 2 and the interior grain boundary cracking is shown for a 10 minute 
hold time specimen in Figure 15. The amount of grain boundary cracking in selected hold time specimens has 
been quantified and is shown graphically in Figure 16. Comprehensive characterization revealed that the number 
of interior grain boundary cracks and the total cracked grain boundary length increased by over a factor of two in 
the 30 minute hold time specimen relative to the 10 minute hold time specimen. 

 

  
(a) (b) 

Figure 14. Transgranular surface cracking in a 0.3% total strain fatigue specimen cycled at 850ºC (a). 
Intergranular surface cracking in a 0.3% total strain creep-fatigue specimen with a 30 minute tensile hold also 
cycled at 850ºC (b). The stress axis is vertical and in the plane of the page. 

 
Figure 15. Internal grain boundary cracking (separation) in a specimen tested in creep-fatigue at 0.3% total strain 
and a 10 minute hold time at 850ºC. The stress axis is vertical and in the plane of the page. 
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Table 2. Cracking modes in fatigue and creep fatigue specimens tested at 850ºC. It was not possible to determine 
the primary surface cracking mode from the sectioned specimen cycled at 0.3% total strain with a 3 minute hold. 

 

 

 
(a) 

 
(b) 

Figure 16. Length of individual internal grain boundary cracks in the gage section of specimens tested in 
creep-fatigue at 0.3% total strain (a) and 1.0% total strain (b) at 850ºC for various hold times. 

At the 1.0% total strain range, the total length and number of interior grain boundary cracks also increased 
with increasing duration of the tensile hold time and this is illustrated quantitatively in Figure 16. Despite the 
presence of interior grain boundary cracking, the mode of surface crack propagation was transgranular at 1.0% 
total strain regardless of hold time duration. A primary crack is shown in Figure 17 for the 3 minute hold 
condition. As expected, the cracking mode was also transgranular in fatigue. The relatively small decrease in the 

Primary cracking mode Secondary cracking mode Interior grain boundary cracking
0.3% total strain

fatigue Transgranular None No
3 min Primarily Intergranular No
10 min Mixed Primarily Intergranular Yes
30 min Intergranular Intergranular Yes

1.0% total strain
fatigue Transgranular Transgranular No
3 min Transgranular Transgranular Yes
10 min Transgranular Transgranular Yes
30 min Transgranular Both Yes
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number of cycles to failure in creep-fatigue relative to the fatigue condition is consistent with the absence of 
intergranular cracking during creep-fatigue deformation. 

  

 
Figure 17. A primary crack propagating in a transgranular manner in a specimen tested in creep-fatigue at 850ºC 
and a 1.0% total strain with a 3 minute hold time.  The stress axis is vertical and in the plane of the page. 

5. SUMMARY 
The numbers of cycles to failure observed for fatigue at the 0.3% strain range were similar at 850 and 950°C. 

A significant detriment in cycle life was observed when a hold time was added at peak tensile strain. The 
magnitude of this effect was greatest at the lowest strain range (0.3% total strain) and less substantial at the higher 
strain ranges. Increases in the tensile hold duration beyond the initial value tested (3 minutes) were not 
increasingly detrimental to the creep-fatigue resistance at 950ºC, but continued to degrade the lifetimes at 850ºC. 
Contradictory to what might be expected, the number of cycles to failure for creep-fatigue at the 0.3% strain range 
condition was actually lower at 850°C than at 950°C for all of the hold times investigated. 

The fact that the detriment in creep-fatigue cycle lifetimes saturates at a short hold time at 950°C is related to 
the rapid stress relaxation and low value of the relaxed stress in the strain-controlled hold along with the resulting 
microstructural features that contribute to the cyclic response. At 850°C, the stress relaxation is more gradual and 
continues throughout the duration of the tensile hold, resulting in higher relaxed stresses that are consistent with 
the steadily decreasing cycle life at longer hold time conditions. 

The microstructural evolution during creep-fatigue deformation also directly correlated with the stress 
relaxation behavior. Creep deformation induced during the hold period resulted in grain boundary cracking in the 
specimen interior along grain boundaries aligned on planes more perpendicular to the stress axis. At 950°C, there 
was no difference in the interior grain boundary cracking observed for various hold times, which is consistent 
with the stresses relaxing to a low value early during the strain-controlled hold. At 850°C, the amount of interior 
cracking is more directly related to the hold time. 

Oxidized cracks were present at the specimen surface in all of the deformed specimens. Primary surface 
cracks propagated in a transgranular manner in fatigue at both temperatures and all strain ranges. The primary 
surface cracks formed during creep-fatigue deformation at 950°C were intergranular for all of the hold times 
investigated. In contrast, at the 0.3% strain range the primary surface cracks observed in 850°C creep-fatigue 
specimens were initially mixed in character except in specimens subjected to longest hold times, in which case 
intergranular cracking was predominant. Creep-fatigue cycling at 850°C at a 1.0% total strain range resulted in 
transgranular surface cracking. 
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